A B S T R A C T The possibility that the autonomic nervous system may influence the function of intestinal mucosa was investigated by assessing the effect of acetyl choline on ion transport in human intestine. Isolated pieces of stripped ileal mucosa were mounted in Perspex flux-chambers and bathed in isotonic glucose Ringer's solution. Acetyl choline caused a rise in mean potential difference (8.8-12.3 mV, P < 0.002) and short circuit current (287.7-417.2 A'A -cm-2, P < 0.01) (n = 12), observable at a concentration of 0.01 mM and maximal at 0.1 mM. This effect was enhanced by neostigmine and blocked by atropine. Isotopic flux determinations revealed a change from a small mean net Cl absorption (+ 0.58) to a net Cl secretion (-4.3 Aeq-cmf'-h P < 0.001) due predominantly to an increase in the serosal to mucosal unidirectional flux of Cl (10.63-14.35 ueq. cm . h-' P < 0.05) and a smaller reduction in the mucosal to serosal flux (11.22 to 10.02 /Aeq cm-' h' P < 0.05). Unidirectional and net Na transport was unaffected. A similar electrical and ion transport response was observed in a single study of two pieces of jejunal mucosa. In the absence of glucose net chloride secretion was produced and again an insignificant effect on net sodium transport was noted. Acetyl choline did not provoke a sustained effect on mucosal cyclic adenine nucleotide levels although a short-lived cyclic adenine nucleotide response was seen in some tissues 20-30 s after drug addition.
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These studies demonstrate that acetyl choline does influence human intestinal ion transport by stimulating chloride secretion and suggest a possible mechanism by INTRODUCTION It has long been thought that the autonomic nervous system may influence intestinal absorption and secretion. Sympathetic denervation in the dog and the cat caused an intestinal secretion which was blocked by atropine (1) and the spontaneous secretion of Thirty-Vella loops of dog ileum was similarly prevented by atropine (2) .
More recently Caren and co-workers (3) showed that the secretion provoked by tactile stimulation in such isolated loops was inhibited by atropine and hexamethonium. Pilocarpine (4) and eserine (5) caused intestinal secretion and bethanechol, a cholinergic agent, was shown to induce a net secretion of chloride in dog jejunum (6) . In view of these suggestive pieces of evidence the present investigations were undertaken to examine in more detail the influence of acetyl choline on human intestinal ion transport. The results indicate that acetyl choline does influence ion transport in vitro and suggest a possible mechanism by which the parasympathetic nervous system could be involved in the control of intestinal transport.
METHODS
Experiments were performed on isolated pieces of human ileal mucosa from fresh surgical specimens removed at operation for colonic carcinoma, ulcerative colitis, Crohn's disease, or trauma. All specimens used were separated from diseased bowel and were macroscopically normal. Histological sections, examined subsequently, were also normal. A segment of intestine rapidly immersed in chilled, oxygenated buffer solution was opened along its mesenteric border and the mucosa dissected off from the muscle layers. A preparation consisting of epithelium, muscularis mucosa, and tags of submucosal connective tissue was obtained. Within 15 min of excision sheets of mucosa were clamped between Ussing-type Perspex half-chambers exposing an area of 1.77 cm' to the bathing solutions. 10-ml vol of iso-tonic buffer solutions were placed on both sides of the membrane and these were oxygenated and stirred with 95%o O2/5%o C02 by a gas-lift circulating system and maintained at 37°C by water jackets. Bathing solutions contained Na 146, K 4.2, Mg 1.2, Ca 1.2, Cl 127, HCO3 27.6, HPO4 12, H2PO4 0.2 meq/l (pH 7.4). 15 mM glucose was present in both bathing solutions in most experiments but was omitted in some. Two to four chambers were set up simultaneously using tissue from one surgical specimen. Electrical measurements. The transmucosal electrical potential difference (PD) 1 was measured through narrowtipped bridges placed close to either side of the tissue. These contained saturated KC1 in agar and were connected to a high impedance digital voltmeter (Solartron A240 Solartron Electronic Group Ltd., Farnborough, Hants, United Kingdom) via matched calomel electrodes. A current sufficient to nullify the transmucosal PD was passed from an external dry battery via silver-silver chloride electrodes and narrowtipped bridges containing 1 M NaCl in agar placed at opposite ends of the chambers. This short-circuit current (SCC) was adjusted manually at 3-5 min intervals (7) and a correction was made for the PD drop between the potentialmeasuring bridges and the mucosa according to the technique described by Field et al (8) . Mucosal Radioisotope fluxes. Fluxes of Na and Cl were measured after the addition of 0.5 ,uCi 'Na and 2.5 ,uCi 'Cl (The Radiochemical Centre, Amersham, Bucks, England) to either the mucosal or serosal solutions of each chamber. After an equilibration period of 30 min, both the mucosal and serosal reservoirs were serially sampled at 10 min intervals for 50 min, and the 1-ml samples removed were replaced with unlabeled solution at 370 C. Samples were counted for 'Na on a well-type gamma counter together with a 1-ml 9Na standard. 0.8-ml vol of each sample and standard were then transferred to scintillation vials containing 5 ml Bray's solution (Nuclear Enterprises, Sighthill, Edinburgh) and counted in a liquid scintillation counter (Mk 11 Nuclear-Chicago Corp., Des Plaines, Ill.) for the combined 'DNa and 'Ci activity. The activity of 'Na, assayed in the gamma counter, multiplied by a factor for the relative efficiency of the two counters for 'Na, was then subtracted from the total to yield the 'Cl counts. All samples were counted to 10,000 counts and background counts subtracted.
The For the ion flux experiments only pairs of mucosae from the same specimen differing in resistance by less than 25%o were accepted. Net fluxes were calculated as the difference between oppositely directed unidirectional fluxes in paired tissues. The electrical measurements from the two mucosae were summed and averaged to yield single values for each tissue pair. Fluxes were measured over 10-min periods for 20 min before and 30 min after the addition of acetyl choline and neostigmine, consecutively, in the same paired tissues. Fluxes were also measured over a similar time period in control tissues to which no drug had been added.
In initial experiments PD responses to various concentrations of acetyl choline chloride added to either mucosal or serosal solutions were assessed. PD rose in response to a concentration of 0.1 mM added to either serosal or mucosal side, but at higher concentrations serosal addition produced a response different from that produced by mucosal addition probably due to the asymmetrical chloride concentrations associated with unilateral addition of acetyl choline chloride. This agent was added to both sides of the mucosa in all subsequent experiments to obviate this problem.
The influence of neostigmine (0.3 mM) on the dose response curve to acetyl choline was determined in untreated mucosa and in mucosa pretreated with atropine (0.3 mM).
The relationship between the response to acetyl choline and the response to the cyclic nucleotide, cyclic adenine nucleotide, was investigated in further experiments in which theophylline (10 mM) was added to one tissue of a pair and, at the peak PD response, acetyl choline (0.1 mM) was added to both tissues and the responses compared.
Fresh solutions of acetyl choline chloride, neostigmine, atropine, and theophylline (Sigma Chemical Co., Kingston-upon-Thames, Surrey, KT2, 7BH, England) were used in these experiments.
All the above electrical and ion transport studies were performed in glucose-containing buffer. The response of ileal mucosa to acetyl choline in glucose-free buffer was also examined to assess the possibility that glucose might influence the response.
Cyclic adenine nucleotide (cAMP) concentrations in stripped mucosa were measured by a competitive protein binding assay (9) . Pieces of mucosa, wet weight 150-200 mg, were each incubated in 10 ml of buffer at 37'C bubbled with 02/CO2 (95/5%o). Theophylline (final concentration 10 mM) or acetyl choline plus neostigmine (final concentrations 0.1 mM and 0.3 mM respectively) were added to each tissue incubation, and at timed intervals after drug addition the tissues were frozen rapidly in a methanol-cardice mixture and stored at -4C.
Each frozen specimen was homogenized in 2.5 ml of ice cold trichloracetic acid (6%o wt/vol) with a rotating blade homogeniser (model X1020, Internationale Laboratoriums, Dottingen, West Germany) at 25,000 rpm for 10 s. After centrifugation the supernate was washed with ether and 1 ml of the extract dried at 50'C with a rotary evaporator. The dried residue was taken up in 0.5 ml of 50 mM Tris buffer pH 7.5, containing 4 mM EDTA. The cAMP content of 50-,u samples of this was measured by the method of Brown et al. (9) , all assays being performed in duplicate. All materials for the assay were supplied by the Radiochemical Centre, Amersham, Bucks, England.
In all experiments statistical comparisons were made by Student's t test, and results are expressed as the mean with 1 SE.
Ileal response. The PD responses of mucosa, bathed in glucose containing buffer, to acetyl choline alone, and after treatment with neostigmine or atropine are shown in Fig. 1 . The maximal PD response was achieved with a concentration of 0.1 mM acetyl choline alone (+ 1.42 ±0.27 mV, n = 19) or with neostigmine (+ 2.58±0.29 mV, n = 51) and this response persisted for at least 30 min. A significant PD response was still observed at a concentration of 0.001 mM in the presence of neostigmine (+ 0.65+±0.28, n = 10) and at 0.01 mM in its absence (+ 0.39±0.17 mV, n = 9). A marked fall in PD was observed at a concentration of 100 mM acetyl choline and this was unaffected by neostigmine and atropine. Fig. 2 shows the SCC response to acetyl choline (0.1 mM) and neostigmine (0.3 mM) in 12 ileal tissues.
SCC rose from 287.7±36.6 to 417.2±43.5 AA cm-', and PD from 8.8±0.9 to 12.3±0.9 mV. Both PD and SCC then fell somewhat but remained elevated above baseline levels for at least 30 min. There was no significant change in tissue resistance.
Ion fluxes in the two 10-min periods before drug addition did not differ significantly, and Table I 0.001). This was due to a small decrease in mucosal to serosal flux (Jms) and a larger increase in Jsm and this response persisted for at least 30 min (Table I) .
Residual ion flux was not significantly affected. Control studies in ileal tissues not treated with acetyl choline are shown in Fig. 3 and indicate that no spontaneous change in ion fluxes occurred during this time.
The electrical responses to acetyl choline plus neostigmine in glucose-free solutions are shown in Fig. 4 . The response differed from that in glucose-containing solutions in that by 30 min both PD and SCC had returned to base-line levels. There was also a slight rise in tissue resistance, maximal 20 min after drug additon. Ion flux measurements (Table II) showed that as in the presence of glucose, net sodium transport was not significantly affected, although in these studies control net sodium movement was zero and a small insignificant net secretion was noted with acetyl choline. A significant chloride secretion occurred due to a fall in Jms and a rise in Jsm. JRnet, compatible with bicarbonate secretion in the control period, changed to a small net absorption after acetyl choline. As with the electrical responses, these flux changes were short-lived, JRnet and Cl fluxes not being significantly different from control values when measured from 20 to 30 min after drug addition. The transient nature of these flux changes raises the possibility that they are artefactual and due to a failure to achieve steady-state conditions after adding acetyl choline. However, this transient response was very similar to the persistent steady-state response produced in the presence of glucose suggesting that it was probably not artefactual. Jejunal response. In a single study of two pieces of jejunal mucosa, acetyl choline (0.1 mM) with neostigmine (0.3 mM) caused a rise in PD and SCC similar to that demonstrated in ileal tissue (Fig. 5) . Flux measurements in this tissue revealed that unidirectional and net Na fluxes were unchanged by acetyl choline while Cl flux changed in a similar manner to ileal Cl flux (Jms Cl from 7.8 to 6.8, Jsm Cl from 8.3 to 10.4, and J net Cl from -0.5 to -3.6 Aeq cm-2 h'). The residual ion flux was unaffected.
TheophyUine and acetyl choline initerrelationships in ileal mucosa. Theophylline (10 mM) induced a rise in PD similar to that produced by acetyl choline (0.1 mM). Adding acetyl choline and neostigmine to the bathing solutions immediately after the maximal PD response to theophylline did not produce any further, additive rise although PD and SCC, which had begun to fall, returned to the maximal theophylline-stimulated level. A similar response was seen when theophylline was added after acetyl choline. These findings suggested the possibility either that acetyl choline was acting through cAMP (which presumably mediates the theophylline effects) or that both acetyl choline and cAMP stimulated a common ion transport mechanism. cAMP measurements. To examine the possibility that the acetyl choline effects were mediated by cAMP, cAMP levels were measured in ileal mucosal specimens incubated with acetyl choline (0.1 mM) and neostigmine (0.3 mM). Basal levels of cAMP in ileal mucosa were 4.64±0.38 pmol/mg protein (n = 10). No change occurred between 2 and 30 min after addition of acetyl choline (Fig. 6 ) although a short-lived peak of increased cAMP levels was seen in some tissues at 20-30 s and these returned to base-line values by 2 min (Fig. 7) . Theophylline increased cAMP levels, as expected, in simultaneously incubated specimens (Fig. 6) . Mucosal cAMP levels after stimulation with theophylline reached 13.98+2.5 1 pmol/mg protein (n = 4) 15 min after drug addition. Acetyl choline failed to influence cAMP levels in four jejunal experiments while theophylline caused a rise similar to that observed in ileum. Basal cAMP levels in jejunal mucosa were 4.73±0.49 pmol/mg protein (n = 8). Theophylline stimulated levels were 13.56 ± 1.4 pmol/mg protein (n = 4) 15 min after drug addition. Control specimens of ileal and jejunal mucosa showed either no change or a slight fall in cAMP content over this time.
DISCUSSION Studies of the autonomic nervous system in the alimentary tract have focussed on the rich innervation of the muscle coats and little attention has been paid to the possibility that the surface epithelium may also receive a nerve supply. Yet occasional reference has been made in the anatomical literature (10, 11) to the presence of nerve fibers surrounding the crypts and extending up into the villi. Fig. 8 illustrates the distribution of cholinergic fibers as demonstrated by a cholinesterase stain, in a section of human jejunal mucosa. Dense staining is visible, especially around the crypts and also in the villi. We have commonly seen fibers close to villous epithelial cells. The possibility that these fibers may have a role to play in function, particularly in the control of salt and water transport, is suggested by several pieces of evidence. Sympathetic denervation in animals induced intestinal secretion which was blocked by atropine (1, 12) and the spontaneous secretion of dog Thirty-Vlella loops, and that induced by tactile stimulation, was also inhibited by atropine (2, 3 changes in response to high concentrations of acetyl choline were not affected by neostigmine or atropine, confirming that they were not mediated by muscarinic cholinergic receptors.
The observation that neostigmine enhanced and atropine blocked the effects of acetyl choline at doses lower than 1 mM suggests that these were muscarinic effects and that muscarinic receptors were involved.
While cAMP, and agents which increase its concentration in epithelial cells, also induce a secretion of chloride (14, 15) , the major difference between the cAMP and acetyl choline responses appears to be the failure of acetyl choline to influence sodium transport. It has been suggested that theophylline, probably via cAMP, inlhibits a neutral sodium chloride absorptive pump on the luminal membrane of epithelial cells (16) . Net chloride secretion is induced together with either inhibition or reversal of sodium absorption. Acetyl choline on the other hand appears to have little or no effect on sodium transport. This certainly seems to be the case in those experiments in which glucose was present but in the absence of glucose the effect on chloride transport was observed only during the first 10 min after acetyl choline was added, that is during a period in which steady-state conditions may not have been achieved. Thus these data cannot be taken as definitive but they do hint that Cl transport may be affected without a coincidental change in Na transport, as in the experiments with glucose present.
cAMP reduces tissue conductance in the absence of glucose (15) and increases it in its presence.2 Acetyl choline however, did not apparently influence tissue conductance in glucose-containing solutions although a small rise in tissue resistance was seen in glucose-free solutions. In view of these differences in Na transport and tissue conductance responses it is not surprising to find that steady-state levels of cAMP were uninfluenced by acetyl choline and a similar lack of effect has been noted with carbachol (17) . Although the electrical response to acetyl choline after a maximal response to theophylline was trivial, PD and SCC which had fallen slightly, did return to the maximum level induced by theophylline. This type of response is not usually seen with consecutive additions of stimulants which act through the same mechanism. For example, a second addition of theophylline induces no secondary response whatsoever. This observation suggests the possibility that acetyl choline was not acting through exactly the same mechanism as theophylline. However, the failure of acetyl choline to raise PD above the peak level after theophylline does suggest that a common, if not identical, mechanism is involved. The possibility cannot be entirely excluded that acetyl choline does act through 2 Unpublished observations. cAMP by stimulating a small isolated part of the total cAMP pool which mediates its effect on ion transport while total cAMP levels remain apparently unchanged (18, 19 (Fig. 8 ).
These fibres seem to be particularly dense around the crypts and Trier (20) (21) (22) (23) and this nucleotide has been held to be a mediator of the cholinergic response in these tissues. The possibility that cyclic nucleotide guanosine 3'5'-cyclic monophosphate is involved in mediating the intestinal mucosal ion transport response to acetyl choline demonstrated here has to be considered and it has recently been reported that carbachol produces a transient increase in cyclic nucleotide guanosine 3'5'-cyclic monophosphate levels in rabbit ileal mucosa (24) . This question is currently being investigated in our laboratory. It is conceivable that acetyl choline liberates some other humoral agent from the tissue which then induces the effects noted on ion transport. It is unlikely however that two possible candidates. vasoactive intestinal peptide and prostaglandins, are involved since these are known to induce persistent increase in cAMP concentrations (17, 25) and these were unaffected in this study.
It is uncertain whether these in vitro effects of acetyl choline indicate a physiological activity. Certainly the concentrations used here appear high. However, it is clear that abundant choline esterases exist in the submucosal tissues and these may allow only much smaller concentrations of acetyl choline to reach the epithelial layer. The early in vivo experiments demonstrating effects of atropine and nerve section on intestinal secretion in a ntumber of animals support a physiological role for this parasympathetic neurotransmitter, but further in vivo studies in man are now required to confirm or refute this possibility.
